Objectives: To examine the relationship between plasma lipid measurements and incident ischemic vascular events (ischemic stroke [IS], and as a positive control, myocardial infarction [MI]) in a community cohort.
The role of lipid and lipoprotein biomarkers, such as of total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), and triglycerides (TG), in risk prediction of ischemic heart disease is well established, [1] [2] [3] but their value as independent predictors for ischemic stroke (IS) is less certain.
Given the methodologic and/or population differences, studies evaluating the relationship between lipids and the risk of stroke show variable results. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Ascertainment of vascular events varies among studies; few have utilized the clinical records and objective clinical evidence at the time of the event as has the Framingham Heart Study (FHS). Furthermore, while the majority of studies used a combined endpoint of all strokes (ischemic and hemorrhagic) and rarely discriminated among stroke subtypes, 4, 5, 8, 15, 16 only a few studies examined the value of a wide range of lipid biomarkers in risk prediction of IS. 4, 7, 8, 15, 16 Therefore, some studies found increased risk of stroke with higher TC and/or lower HDL-C, 4-8 while others did not. Little attention has been given to the TC/HDL-C ratio. 7, 8 Recent studies found an inverse association between nonfasting TG and risk of IS. 14, 15 An association between risk of stroke and LDL-C remains even less consistent. 7, 10, 11 Large clinical trials have shown that statins, which among other things lower LDL-C levels, reduced the risk of IS in patients with prior stroke/TIA or in high-risk populations. 17 Thus, the underlying mechanism of these associations in primary and secondary stroke prevention remains a subject of great interest.
We therefore related a variety of plasma lipid measurements (TC, HDL-C, TC/HDL-C ratio, TG, and LDL-C levels) to incident IS and for comparison, myocardial infarction (MI), in our middle-aged and elderly community cohorts.
METHODS Study sample. The design and selection criteria for FHS have been published for this community-based prospective study under way since 1948, an original cohort of 5,209 men and women. 18 The offspring cohort of 5,124 participants was added in 1971. 19 Both cohorts have been under ongoing surveillance and periodic in-person evaluations for cardiovascular disease (CVD) events (stroke and MI). Ten-year follow-up periods from baseline original cohort examination cycles 15 (1977-1979 ) and 20 (1986-1990) and offspring cohort examination cycle 4 (1995-1998) were pooled. Stroke-free attendees aged 45 to 84 years with available lipid measures and stroke follow-up were included in our sample as follows: original cohort examination 15 (n 5 2,373, aged 69 6 7 years, 59% female), original cohort examination 20 (n 5 1,073, aged 75 6 4 years, 61% female), and offspring examination 4 (n 5 2,830, aged 57 6 7 years, 51% female). Our primary analyses, examining associations between lipid measures and stroke incidence, were performed in the pooled sample of 6,276 individuals (aged 64 6 10 years, 56% female); for analyses of incident MI, participants with prevalent MI at baseline were excluded, yielding a sample of 5,879 (aged 64 6 10 years, 58% female).
Lipid/lipoprotein measurements. Plasma concentrations of lipid biomarkers were measured on previously stored and frozen blood samples. TC and HDL-C were measured at each of the 3 examinations; in addition, TG and LDL-C were measured at offspring examination cycle 4. All measurements were performed using previously reported methods specific for each lipid/lipoprotein biomarker. [20] [21] [22] Given that TC/HDL-C ratio predicts coronary heart disease risk regardless of the absolute LDL-C and HDL-C, 23 we also calculated the TC/HDL-C ratio using available TC and HDL-C values.
Outcomes and covariates. Criteria for cardiovascular events have been described previously. 24 Medical records obtained for all hospitalizations and physician visits related to MI or stroke during follow-up were reviewed by a committee of 2 or 3 investigators; all events were adjudicated following written guidelines. Our protocol for determining the diagnosis and stroke type has been previously published. 25 Stroke was defined as an acute-onset focal neurologic deficit of presumed or definite vascular etiology persisting for $24 hours. When available, we utilized the data on clinical features, imaging studies, noninvasive vascular studies, and cardiac evaluations and information from autopsy studies. Stroke was classified as (1) ischemic stroke (defined as all IS including embolic strokes), and (2) atherothrombotic brain infarcts (ABIs; defined as all IS excluding embolic strokes).
Previously described and validated components of the Framingham Stroke Risk Profile (FSRP) (age, sex, hypertension, diabetes, smoking status, previous CVD, and atrial fibrillation) were used as baseline covariates. 25 Given the established evidence that high TG and low HDL-C are associated with obesity and metabolic syndrome, 26 we also included body mass index as a baseline covariate.
Single nucleotide polymorphisms and genotyping.
Genome-wide genotyping was available for all participants with good quality DNA. Methods for genotyping are provided in appendix e-1 on the Neurology ® Web site at Neurology.org. 27 Of 6,276 participants available for the analysis of plasma HDL-C levels and IS, 3,840 also had adequate genotypic data after quality control and there were 102 cases of incident IS in this subsample. Recent genome-wide association studies have identified common DNA sequence variants that contribute to blood HDL levels. 28 Statistical analysis. Lipid measurements with skewed distributions were log-transformed. Plasma concentrations of each lipid/lipoprotein value were analyzed both as continuous (TC per 10 units and lipid value per 1 SD for others) and using standardized cutpoints to create dichotomized indicator variables. Cutoffs for each lipid measurement were adopted from the National Cholesterol Education Program Adult Treatment Panel III 29 : high TC 5 $240 mg/dL; low HDL-C 5 #40 mg/dL; high LDL-C 5 $160 mg/dL; high TG 5 $200 mg/dL; and high TC/HDL-C ratio 5 $5. We used Cox proportional hazards techniques to relate each lipid/lipoprotein measurement to 10-year risk of incident IS, ABI, and MI. Primary analysis was done using 2 multivariable models: model 1 (adjusted for age and sex) and model 2 (adjusted for age, sex, hypertension, smoking, prevalent CVD, atrial fibrillation, diabetes mellitus, and body mass index). We investigated interactions with sex and age (,65 vs $65 years) and performed sex-and age-stratified analyses. In a secondary analysis, for stroke outcomes only, we adjusted for interim MI.
To examine the incremental utility of lipid/lipoprotein biomarker to age, sex, and components of the FSRP in predicting 10-year risk of IS, we calculated net reclassification improvement for markers found to have a significant effect on risk of IS in model 2. 30 All analyses were performed using Statistical Analysis System (SAS Institute Inc., Cary, NC).
In our genetic analyses, we used single nucleotide polymorphisms (SNPs) previously associated with HDL levels (n 5 47) to construct a genetic score that is a sum of number of copies of minor alleles at each SNP weighted by the effect size per copy of the minor allele on HDL levels in our study sample. Then we tested whether this genetic score was associated with risk of IS.
Cox proportional hazards models (with generalized estimating equations to adjust for familial relationships) were used in relating the genetic score to incident IS adjusting for age, sex, and cohort (original or offspring) status. All genetic analyses were performed using R survival package.
Standard protocol approvals, registrations, and patient consents. The institutional review board at Boston University approved this study and all participants provided written consent.
RESULTS
The baseline characteristics and lipid/lipoprotein levels are provided in table 1. The mean follow-up period for stroke (IS and ABI) and MI was 9 years (0-10).
TC, HDL, and TC/HDL ratio and ischemic events.
In the pooled sample, we observed 301 incident IS, 211 ABI, and 403 MI events. In age-and sexadjusted analysis, we observed statistically significant associations between both low HDL-C and high TC/HDL-C ratio (using continuous and categorical measures) and increased risk of incident ischemic stroke (IS and ABI) and MI events ( (2) cardioembolic; in addition, we show that our results were similar for lacunar and nonlacunar ABIs.
The association between HDL-C and ischemic events was similar in men and women (table 3) . However, there was a significant interaction between age and HDL-C such that low HDL-C on risk of IS and ABI was stronger in participants younger than 65 years. There was also an interaction between sex and TC. In women only, higher TC increased risk of ABI events. There were no significant interactions with TC/HDL.
In reclassification analyses (table e-3), HDL-C #40 mg/dL when added to a risk assessment model Table 1 Baseline characteristics The associations between all lipid/lipoprotein biomarkers and incident MI were, as expected, consistent in all presented analyses.
HDL genetic score and risk of IS. The composite genetic risk score consisting of the 47 SNPs associated with HDL-C explained 6% of the HDL-C levels in our sample (p , 0.0001). This genetic score, however, was not associated with IS (HR/SD HDL-C 20.04, 95% CI 20.67 to 0.59, p 5 0.92). Given our sample size, the magnitude of the genetic score effect size on IS has to be 1.05 or larger to be detected with power .80% (details of power calculation are presented in appendix e-2.). The expected genetic score effect on IS 20.402 given HDL is causal, i.e., the effect size of genetic score on HDL-C multiply the per-SD effect of HDL-C on IS, and is much smaller than the required (1.0) for adequate power. Therefore, we cannot rule out the possibility of lack of power as a reason for the negative mendelian randomization findings for HDL-C.
TG and LDL-C and ischemic events. In a subset of 2,829 participants with TG and LDL-C measurements available, we observed 69 IS and 54 ABI events (and 103 MI events in the MI sample of 2,695). The previously observed association between low HDL-C and high TC/HDL ratio and risk of IS, ABI, and MI events was unchanged (not shown). In model 1, we also observed that high TG levels (continuous and categorical) were associated with incident IS, ABI, and MI, while high LDL-C (categorical) was associated with increased risk of MI (not shown). However, in model 2 (table 4), the association with incident IS and ABI was diminished, while high logTG and LDL-C levels of $160 mg/dL were still associated with increased risk of MI (p , 0.001 and p , 0.05, respectively).
We observed significant interaction between sex and LDL-C. In women only (table e- In age-specific analysis using model 2, no association with incident IS or ABI was found. There were no participants on statins at baseline in any of the 3 examinations (15, 20, and 4), but there was interim use of statin in the examination 20 and examination 4 follow-up periods. Excluding participants on statins (n 5 272) did not affect our results (not shown). DISCUSSION In the FHS, we related lipid/lipoprotein biomarkers to risk of ischemic vascular events (IS, ABI, and MI). In pooled analysis adjusted for stroke risk factors, using continuous and/or categorical measures of lipid/lipoprotein markers, low HDL-C and high TC/HDL-C ratio were associated with increased risk of ischemic stroke (IS, ABI, and cardioembolic); all lipids/lipoproteins assessed were associated with risk of MI. An inverse association between HDL-C and risk of IS was evident for both women and men, across both age groups; the effect was significantly stronger in participants younger than 65 years. High TC increased risk of IS in women. More important, HDL-C #40 mg/dL as a marker of stroke risk was shown to improve the risk stratification model beyond existing risk factors within FSRP. Higher LDL-C levels increased risk of IS and ABI in women. The association between lipids/lipoproteins and risk of MI in women and men in all age groups was consistent with previously published data. [1] [2] [3] This report not only confirms previous findings, but also extends these findings to all age categories and both sex groups, while presenting results for both Table 2 Effect of TC, HDL-C, and TC/HDL-C ratio on 10-year stroke and MI incidence continuous and categorical lipid measures, and for IS and MI within the same population. The association between various lipids/lipoproteins and IS has been examined in several prospective studies that varied in sample size, study design, methods, endpoint measures, lipid levels, and/or cutoff values. Overall, it has become increasingly clear that lipid biomarkers are related to IS. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Our findings that low HDL-C levels are associated with higher risk of IS for women and men across all age groups concur with recent reports. A large prospective study from Finland observed such an association in women, 8 and the Cardiovascular Health Study found a similar association in men. 12 An earlier report based on FHS data with fewer stroke events noted a weak association between HDL-C and stroke. 9 While the mechanisms by which HDL-C is protective against IS are complex, HDL-C is a strong antiatherogenic lipid molecule with potent anti-inflammatory properties more protective for atherosclerotic stroke subtypes. 6 The few studies differentiating between IS subtypes also observed similar relationships. 4, 5, 15, 16 Our findings confirm that HDL-C is a significant biological risk factor for IS among middle-aged and elderly persons. After adjusting for conventional risk factors, however, this association remained statistically significant only for men, although the strength of the association appeared similar in men and women. It is worth noting that in our study, only 18% of women and close to 50% of men had HDL-C levels of ,40 mg/dL, while the median HDL-C levels were higher in women Table 3 Effect of TC, HDL-C, and TC/HDL-C ratio on 10-year stroke and MI incidence stratified by sex and age b,e than in men (54 vs 43 mg/dL, respectively), which is consistent with prior findings that, compared with men, HDL-C levels are higher in women before menopause. 31 Thus, we suspect that the smaller sample size of women with low HDL-C and the small numbers of events in women reduced our power to detect effects in women. The stronger association of low HDL with IS risk in persons younger than 65 years compared with those 65 years and older is consistent with the general observation that multiple risk factors act together to determine risk in older persons, hence the impact of any one individual risk or protective factor is attenuated.
Nevertheless, given the relatively consistent inverse association between HDL-C and IS, the potential utility of raising HDL-C in reducing stroke risk has been suggested in recent literature. However, more clinical data are needed to support modification of primary stroke prevention gudielines. 15 The absence of a significant association between the genetic HDL score and risk of IS, although possibly attributable to lack of power, is consistent with recent studies evaluating the causal relevance of HDL-C concentrations for risk of ischemic CVD. 32 TC/HDL-C ratio has been shown to be a more potent predictor of CVD incidence than TC, LDL-C, or HDL-C alone. 23, 33 While some studies support an association between high TC and IS, 5, 7, 8 and others do not, 11, 34 only a few studies examined the effect of TC/HDL-C ratio on risk of IS. 8 We found a positive association between high TC/HDL-C ratio and IS while further extending these findings to specifically atherothrombotic stroke subtypes.
TC/HDL-C, a ratio between atherogenic and antiatherogenic lipid molecules, is a well-established representation of their joint contribution to CVD risk stratification. 23, 33 Therefore, its further role in risk stratification of IS risk could be of particular importance.
An overall association between TC and IS was not significant. There was a positive trend also seen in prior studies. Of note, in sex-specific and in fully adjusted analyses, high TC was weakly predictive of IS in women. In the Women's Health Study (WHS), which included 27,937 US women aged 45 years or older, higher TC was associated with increased risk of IS. 7 However, the Atherosclerosis Risk in Communities Study 11 and the EUROSTROKE Project 34 did not find an association between TC levels and IS in either women or men.
Relating fasting TG levels to IS incidence, including in our prior reports, did not show consistent results. 9, 11 However, more recent findings from the Copenhagen City Heart Study 14 and the WHS 31 showed that nonfasting, elevated TG levels are related to IS. LDL-C, which is highly correlated with TC concentration, is strongly and positively associated with coronary heart disease risk, 3, 9 but less consistently with IS. 7, 10 We observed no significant association between LDL-C and IS after adjusting for conventional risk factors, similar to our results with TC levels. There was, however, an overall trend between elevated LDL-C and ischemic stroke (IS and ABI) in women as shown in prior reports from the WHS. 7 Our study has several important strengths. The sample comprises prospectively followed communitybased cohorts of middle-aged and elderly persons, free of stroke at baseline, with minimal loss to follow-up. Analyses were adjusted for putative risk factors and for interim MI events. Ascertainment of vascular events was rigorous with minimal ascertainment bias. Because the majority of FHS participants are white, the generalizability to other racial groups is limited. We have fasting TG levels, whereas contemporary literature is focused on nonfasting TG levels.
We demonstrated the expected association in this dataset of various lipid subfractions with incident MI, thus confirming that the observed associations Table 4 Effect of TG and LDL-C on 10-year stroke and MI incidence (or lack of association) of lipid measures with stroke are unlikely to be attributable to any biases in sample selection. We examined the associations between a wide range of plasma lipid/lipoprotein biomarkers and incident CVD events (IS and MI). Contrary to other reports relating various lipid fractions to incident stroke, in this prospective study spanning the adult age span and including more than 300 systematically adjudicated stroke events, we found only lower HDL-C levels and higher TC/HDL-C ratio to be related in a strong, consistent, and statistically significant relationship to IS in men and women. These relationships persisted after adjustment for pertinent risk factors, suggesting an independent contribution to IS risk. In addition, HDL-C #40 mg/dL improved the risk stratification model with a powerful and independent effect. The lack of a consistent association between other lipids/lipoproteins and ischemic stroke (specifically ABI) suggests that not all lipid measures may be of equal clinical importance in stroke risk prediction and primary prevention, although LDL-C and TC levels remain relevant to the risk of MI and death.
Further studies should confirm whether raising HDL-C levels or changing TC/HDL-C ratio by lifestyle modification or pharmacologic therapies may influence the risk of IS. However, in clinical practice aimed at IS prevention, we should recognize that HDL-C may be the optimal marker to improve risk stratification.
